Thus, the breakpoint of the transgene must lie more than 7 kb but within 15 kb downstream of the PAX6 Results polyadenylation signal. PAX77, PAX88, and PAX138 showed the expected hybridization signals with all Generation of PAX6 Transgenic Mice YAC Y593 was isolated from the human ICI library (Fanprobes, suggesting the integration of at least one intact copy in these transgenic lines. tes et al., 1995) using PAX6-specific primers. Pulsedfield gel electrophoresis analysis mapped the PAX6 gene to the center of the YAC, leaving 200 kb flanking Quantification of Copy Numbers As we were interested in the influence of PAX6 gene the gene on each side. Hence, the construct spans the breakpoints described in aniridia patients (SIMO and dosage on eye development, it was important to determine transgene copy numbers in each line. Quantitative SGL) with chromosomal rearrangements 3Ј to PAX6, so that potential regulatory sequences located beyond polymerase chain reaction (PCR) was carried out using primers identical for the mouse and human gene within these breakpoints are likely to be included ( Figure 1A) . To facilitate DNA isolation for microinjection, Y593 was a region of 95% identity in the highly conserved 3Ј untranslated region of PAX6. Pilot studies, in which various retrofitted with a YAC vector carrying a conditional centromere, which allows specific amplification of the YAC.
Introduction tional copies of the PAX6 locus into the mouse.
Standard transgenic constructs, which normally con-PAX genes are transcriptional regulators isolated sist of a promoter region driving a cDNA, are unlikely to through sequence homology to the DNA binding domain recreate a fully functional and properly regulated locus of the Drosophila paired gene (for review, see Noll, 1993) .
in transgenic mice as transcriptional control of PAX6 At present, PAX6 is the best studied member of this seems to be complex (Fantes et al., 1995; Plaza et al., gene family, and homologs have been isolated from a 1995). In addition, alternative splicing at the PAX6 locus large variety of organisms (Hanson and van Heyningen, results in at least two products of unknown physiological 1995, and references therein). Not only the amino acid significance (Walther and Gruss, 1991; Glaser et al., sequences, but also the expression patterns of PAX6 1992) , although mutation at one of the alternative splice have been found to be highly conserved throughout the sites is associated with congenital cataract (Epstein et vertebrates (Krauss et al., 1991; Puschel et al., 1992) .
al., 1994). In the mouse, earliest expression of Pax6 is found at
The use of yeast artificial chromosome (YAC) conembryonic day 8 within the surface ectoderm and the structs allows the introduction of a gene into mice in an neuroectoderm (Walther and Gruss, 1991; Grindley et almost natural chromosomal context (Lamb and Gearal., 1995). Subsequently, expression is restricted to the hart, 1995). YAC transgenic experiments performed with forebrain, hindbrain, neural tube, and the developing mouse constructs suggest that expression from transnose and eye. In the adult, expression in the cerebellum, genes is copy number-dependent and integration-site eye, and pancreas has been reported (Ton et al., 1992;  independent (Schedl et al., 1993) . We decided to use Turque et al., 1994) . a human YAC for the following reasons. First, mouse The expression pattern fits well with the phenotype constructs hamper the distinction of endogenous and observed in Small eye (Sey) mice, which have mutations transgenic copies. Second, the use of a large human in the Pax6 gene (Hill et al., 1991). Heterozygous mutaconstruct bridging the distal chromosomal breakpoints tions result in a reduction of external eye size, a characof the described aniridia patients should allow us to teristic iris hypoplasia, and at later stages, corneal opacbegin a molecular analysis of the importance of this ification and cataracts (Hogan et al., 1988). Homozygous downstream region. As PAX6 has been shown to be Sey mice lack eyes and nasal cavities, exhibit abnormalihighly conserved in the coding region as well as in expression pattern, the risk of changes in expression due ties of the brain, and die soon after birth. Aniridia in man Figure 1E ). in levels of this protein.
Thus, the breakpoint of the transgene must lie more than 7 kb but within 15 kb downstream of the PAX6 Results polyadenylation signal. PAX77, PAX88, and PAX138 showed the expected hybridization signals with all Generation of PAX6 Transgenic Mice YAC Y593 was isolated from the human ICI library (Fanprobes, suggesting the integration of at least one intact copy in these transgenic lines. tes et al., 1995) using PAX6-specific primers. Pulsedfield gel electrophoresis analysis mapped the PAX6 gene to the center of the YAC, leaving 200 kb flanking Quantification of Copy Numbers As we were interested in the influence of PAX6 gene the gene on each side. Hence, the construct spans the breakpoints described in aniridia patients (SIMO and dosage on eye development, it was important to determine transgene copy numbers in each line. Quantitative SGL) with chromosomal rearrangements 3Ј to PAX6, so that potential regulatory sequences located beyond polymerase chain reaction (PCR) was carried out using primers identical for the mouse and human gene within these breakpoints are likely to be included ( Figure 1A ). To facilitate DNA isolation for microinjection, Y593 was a region of 95% identity in the highly conserved 3Ј untranslated region of PAX6. Pilot studies, in which various retrofitted with a YAC vector carrying a conditional centromere, which allows specific amplification of the YAC.
amounts of mouse and human DNA were mixed, proved amplification in both species to be equally efficient (data Injection of gel-purified YAC DNA into fertilized mouse oocytes yielded four transgenics (PAX77-male, PAX88-not shown). The human-specific signal in lines PAX130 and PAX88 was equivalent to the mouse signal, sugfemale, PAX130-male, PAX138-male) out of 71 newborn mice.
gesting that two copies of PAX6 had integrated into the mouse genome (Figure 2A ). Analyses of lines PAX77 and To investigate the integrity of the integrated constructs, DNA was isolated from transgenic offspring and PAX138 suggested the presence of 5-7 and 10 copies, respectively. Although the copy number determination subjected to Southern blot analysis. Hybridization with a human PAX6 cDNA probe showed the presence of all using this approach is only specific for the 3Ј untranslated region, the absence of rearranged fragments on human-specific EcoRI and HindIII fragments ( Figure 1D and not shown) in the four transgenic lines. The absence PAX6 cDNA analysis ( Figure 1D ) makes it likely that the determined copy numbers are relevant for the entire of fragments with altered size indicates integration of the entire genomic locus without major rearrangements.
locus.
To confirm these results, we used fluorescence in situ Hybridization with probes outside of the PAX6 locus was used to investigate the extent of the integrated hybridization (FISH) analysis on interphase chromatin. strongly suggests a recombination event between two YAC molecules before integration. To understand the structure of the integrated transgenes in more detail, we used FISH double labeling with Analysis of PAX77 and PAX138 with a PAX6-specific Figure 3G ). PAX6 transgene, we attempted to rescue the Sey mutation. Transgenic founder PAX88 was crossed with Sey
In addition, no sign of cataract formation or corneal opacification was evident even after 6 months. However, heterozygote mice and the offspring phenotypically scored on the basis of their eye size. Subsequently, ophthalmoscopic photographs showed a bright reflection of the flash light from the retina ( Figure 3G ), which DNA analysis was used to determine the genotype of individual mice making use of a DdeI site introduced by could be explained by iris hypoplasia. Indeed, dissection of eyes revealed an almost complete absence of the the Sey mutation (Hill et al., 1991). Mice heterozygous for the Sey allele but negative for the transgene were iris ( Figure 3H ). Therefore, the transgene PAX130 only partially rescues the Sey heterozygote phenotype. readily identified by their reduced eye size. Mice carrying a transgene on a heterozygote background, however, As the partial rescue of the heterozygote phenotype suggested at least some expression from the truncated were phenotypically normal, suggesting the rescue of the developmental abnormality.
transgene, we were interested to determine, whether the failure of eye formation was due to late defects, or to Dissected eyes from adult mice were analyzed in more detail to assess the degree of complementation lack of embryonic eye induction. We therefore isolated embryos at day 14.5 and determined their genotype achieved. Eyes from mice carrying the PAX88 transgene on a wild-type background appeared normal (not by PCR. Histological analysis revealed no difference between Sey/Sey animals carrying the transgene and shown). Sey heterozygotes are characterized by iris hypoplasia and early corneal opacification ( Figure 3B) . nontransgenic homozygote littermates ( Figures 3J and  3K , respectively). However, mice carrying the transgene on a Sey/ϩ background had a properly developed iris and a clear cornea and lens ( Figure 3C ). In contrast, Sey homozygote mice Multiple Copies of PAX6 Induce Eye Abnormalities carrying the transgene displayed iris hypoplasia ( Figure  3D ) similar to the Sey/ϩ phenotype. Surprisingly, the In contrast to the other two transgenic lines, PAX77 completely rescued both the hetero-and homozygote eye size of these animals was comparable to wild-type animals. This suggests that the phenotype of rescued eye phenotype. External analysis is easier on an albino background, as the absence of pigment allows the dehomozygote animals is less severe than in Sey heterozygotes. However, as there is variability in the eye size of tection of the pupil and the iris (identifiable by vessels on the iris). Eye size, as well as the formation of a normal Sey/ϩ animals, a larger number of rescued homozygotes will need to be analyzed to confirm this obserpupil, was restored on Sey/ϩ and Sey/Sey backgrounds ( Figures 4C and 4D ). This is further demonstrated in vation.
accounts for about one third to one half of the eye ( Figure  3A) . The large lens is readily visible in Sey heterozygotes as it protrudes under the cornea ( Figure 3B ). In contrast, PAX77 transgenics had a remarkable reduction of the corneal size (Figures 5A and 5B) . The lens did not seem to protrude under the cornea, which might explain the lack of the dome-shaped iris seen in wild-type mice. Interestingly, some mice displayed a severe phenotype in one eye and a less severe phenotype in the other ( Figure 5C ). Therefore, the phenotypic difference between microphthalmic and less severely affected eyes is not only caused by genetic background effects or differences between embryos in developmental timing, but can also be explained by developmental plasticity effects.
To understand the phenotype in more detail, we performed histological analysis of adult eyes. In all transgenic mice showing the less severe phentoype, iris abnormalities characterized by cyst-like structures and a disorganized ciliary body were apparent ( Figure 5D and compare Figures 5G and 5H) . The retina in the majority of transgenic animals seemed to be normal (not shown). However, in one animal we observed a complete absence of the photoreceptor layer (compare Figures 5E  and 5F ). Lens size and organization seemed to be normal ( Figure 5D ). Microphthalmic eyes were highly disorganized. Lens phenotypes ranged from improperly arranged fiber cells to severe cataracts with heavy calcification (Figure 5I ). The retina was attached to the lens and showed severe abnormalities. Terminally differentiated photoreceptors were rare, although some patches were apparent ( Figure  5J ). Dark-appearing cells between iris and cornea are likely to be either shed cells originating from the iris or macrophages with phagocytosed pigmented cells (Figure 5K) . Sections through eyes of transgenic founder The fact that both high copy number lines, PAX77 and PAX138, show a very similar phenotype suggests that the microphthalmia phenotype is caused by high level dissected eyes in which a properly developed iris spanning the lens was found (not shown). expression of PAX6. To test this hypothesis, we isolated poly(A) ϩ RNA from cerebellum and eyes of adult mice During the phenotypic analysis of PAX77 offspring, we noticed that the percentage of mice displaying a and subjected it to quantitative reverse transcription-PCR. Using the expression from the endogenous gene reduction in eye size was higher than expected. Furthermore, comparison of genotypes with phenotypes as an internal control allowed us to measure the expression from the transgenes in relation to the two copies of showed that a high proportion of mice scored as Sey did not bear the Sey allele, but instead carried the PAX77 the mouse Pax6 gene. To ensure that the PCR products were not due to copurified genomic DNA, RNA samples transgene on a wild-type background. The phenotype observed varied from mice with an almost normal eye were DNAase I treated prior to the reverse transcription. Quantitative PCR was performed as for quantitation size ( Figure 4E ) to severe microphthalmia ( Figure 4F) . PAX138, the infertile transgenic founder carrying 10-12 of transgene copy numbers. PAX130 and PAX88 showed transgene expression in the eyes at a level only slightly copies of the YAC, also showed severe microphthalmia comparable to the most severe phenotype seen in line lower than that of the two endogenous Pax6 copies ( Figure 6A) . Surprisingly, expression levels in adult cere-PAX77 ( Figure 4G ).
Dissected eyes revealed abnormalities even in the bellum showed differences between these two lines with a strong reduction of transgene expression in line less severely affected mice. In wild-type eyes the cornea In addition, analysis of wild-type mice carrying the important in determining the severity of the phenotype. Whole-mount in situ hybridization using a human-spetransgene did not reveal any obvious abnormalities (data not shown). In summary, these data suggest that the cific probe in line PAX77 showed high levels of expression in the developing eyes, the forebrain, and along eye is the only organ severely affected by changes in PAX6 levels. the spinal chord from day 9.5 onward. No ectopic expression domains were identified. In line PAX130, however, levels of expression were low and confined to the Discussion spinal cord (data not shown).
Together, these data suggest a differential regulation We have generated mice transgenic for the human PAX6 locus to investigate gene dosage effects on mouse deof PAX6 expression in early and late eye development and explain the lack of Sey/Sey rescue in this transgenic velopment. Genetic crosses with both heterozygous and homozygous Sey mice allowed us a detailed step-byline. The failure to rescue lethality is presumably due to insufficient PAX6 expression inorgans other thanthe eye.
step analysis of transgene effects on backgrounds with 100%, 50%, and 0% expression of the endogenous Pax6 gene (Table 1) . This reveals that both too low and too
Analysis of Other Tissues in Line PAX77
In addition to a complete absence of eye development, high levels of expression result in abnormalities of the eye that have not been previously described. Thus, at Sey homozygous mice lack nasal cavities and exhibit severe brain abnormalities. To investigate the effect of least five different phenotypes are associated with changes of PAX6 expression levels, highlighting the the transgene on these tissues, we compared the phenotype of Sey/Sey and wild-type mice with and without striking sensitivity of eye development to dosage of this gene. Interestingly, the eye seems to be the only organ the transgene at day 18.5 of gestation. Immediately apparent is the presence of nasal cavities in transgenic affected by gene dosage effects, suggesting either a different mechanism of PAX6 action in this tissue or a Sey/Sey mice (compare Figures 7A and 7B) . More detailed analysis using high power microscopy revealed tighter requirement for accurate developmental timing. Beebe, 1986 ). The ciliary body may differentiate into the wrong cell type. Interestingly, is believed by some authors to be responsible for the an uneven distribution of PAX6 message within the neugeneration of intraocular pressure (IOP) during developroretina has been observed at least in zebrafish (Puschel ment (Beebe, 1986) . IOP is required for growth of the et al., 1992). The initially widespread expression in the retinal pigmented epithelium, the establishment of a norundifferentiated neuroretina becomes restricted to the mal corneal curvature and the overall growth of the eye.
inner nuclear layer at time of hatching. Overexpression Disturbed ciliary body development could, therefore, of PAX6 in the normally low expressing photoreceptor cause all of the observed abnormalities in our mice. As layer may have profound effects on differentiation or the lens is required for the formation of the ciliary body survival of this cell type and could explain a lack of this (Genis-Galvez, 1966), the observed changes in lens orlayer in one of our transgenic mice. It should be possible ganization might be the cause of the abnormal developto test this hypothesis by specifically overexpressing ment of the ciliary body. However, this explanation is PAX6 in different cell types in transgenic mice using unlikely, as the less severely affected mice seem to have tissue-specific promoters. a normally developed lens. Lens defects observed in PAX6 is not the only member of the PAX family that the micropthalmic eyes are probably due to secondary manifests haploinsufficiency. , 1992) and, most recently, in PAX2 in a this hypothesis would be to overexpress PAX6 specififamily with optic nerve coloboma and kidney anomalies cally in this structure.
(Sanyanusisn et al., 1995) all reveal haploinsufficient phenotypes. This suggests a similar general mechanism Molecular Aspects of Gene Dosage Effects of action for these genes in the mammalian cell. It will Haploinsufficiency is an interesting phenomenon in be interesting to investigate the effect of additional copterms of the underlying molecular biology. Several exies of these PAX members and other genes showing planations for haploinsufficiency have been suggested haploinsufficiency on mouse development. (Read, 1995) . A reduction of a diffusible factor for example can have profound effects on the regulation of distant tissues. PAX6, however, is a nuclear protein, which Implications for Human Genetics Our findings that overexpression of PAX6 can cause is likely to act as a transcription factor within the cell in which it is produced. Alternatively, PAX6 may form novel eye abnormalities in the mouse make it likely that eye disorders in humans may also be caused by inheterodimers to function in vivo. A reduction or increase of one partner could, therefore, change the equilibrium creased levels of this protein. Overexpression could be
